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摘要 
海洋吸收人为CO2引起的pH和碳酸钙矿物质饱和度下降，这一过程称为海洋酸化。海
洋酸化将对海洋生物和生态系统造成不利影响。在过去的20年来，全球气候变化，尤其是
变暖引起了北冰洋的一系列快速变化。这些变化包括：快速的海冰后退，海表温度上升，
太平洋水输入增多，淡水储量增加，初级生产力增强以及表层水的CO2浓度升高等。全球
气候变化所诱发的北极快速变化预计将放大北冰洋海洋酸化，通过北冰洋CO2吸收和碳埋
藏使其在响应气候变化较其它大洋更快速和显著。然而，前人的大多数研究都是基于十分
有限的短期和局部数据，因此限制了对北冰洋酸化的现状和历史变化的了解。本研究通过
现场观测获得了DIC、TAlk和pH等数据，获得了西北冰洋Ω文石和pH分布状态，以评估20年
来西北冰洋的酸化扩张、速率和范围，并分析了其酸化水体变化与过去20年的环境和气候
变化之间的联系。本论文也依据表层海水CO2在融冰后开阔水域，融冰区和冰覆盖下等不
同状况下呈现出明显的变异性，揭示了北冰洋快速融冰背景下表层海水pCO2变异性的“低
-低-高”机理及其对北冰洋酸化的作用。 
本研究首先报道了1994-2010夏季5个横跨西北冰洋航次，从边缘海到深海海盆（最北
达88ºN）上层海洋（300 m以上）Ω文石分布。研究表明，在1990年代至2010年之间，酸化水
体从阿拉斯加西北面的楚科奇海陆坡向北扩张了5°，从北纬80°延伸到85°，深度也加深100 
m，延伸到250 m。如此迅速和大范围的酸化现象是第一次在北冰洋观察到，其酸化速率比
在太平洋或者大西洋所观测到的还要快2倍以上。示踪数据分析和模型模拟结果表明，北冰
洋快速海冰融化以及海洋和大气环流的异常，共同影响了太平洋冬季水增加，是北冰洋酸
化快速扩张的主要驱动要素。 
此外，我们通过在2008年中国国家北极科学考察（CHINARE）航次通过深入到88°N
的北冰洋中心区的170°W断面观测，发现表层海水中CO2在冰覆盖下，融冰区和融冰后开
阔水域等不同状况下出现了明显的变异性。针对所观测到的表层海水二氧化碳分压（pCO2）
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变异性现象，提出了北冰洋快速融冰情景下的表层海水pCO2变异的“低-低-高”假设，即，
海冰覆盖下的海水是“低”pCO2，刚融冰的海水是“低”pCO2，而融冰后的开阔海水会出
现“高”pCO2。出现这种“低-低- 高”pCO2变异现象是由不同驱动过程引起的。冰覆盖
下海水低pCO2，控制因素可能是水体受到不同水团的混合过程、温度变化、冰-水CO2交换
和生物冰藻微吸收CO2过程的控制，其主要诱因还需要进一步探索；现场观测表明刚融冰
时海水的低pCO2主控因素可能是生物的CO2吸收，以及CaCO3溶解共同作用的原因；而融
冰后开阔海水的高CO2、大范围Ω文石<1和低pH值已被论证为由于大气中CO2快速进入海水、
水体增温和海冰稀释引起的。 
最后为了了解北冰洋的酸化程度，我们在2010年的中国北极考察航次沿着楚科奇海陆
架往北深入到楚科奇深海平原的陆架-斜坡-海盆区域开展了pH测定。在楚科奇海底部水域
（距底30 m处）和深海平原次表层水域（100-200 m）观察到了相当低的pH值。在楚科奇
海底部水体，pH为7.89-8.12，对应于273-343 μmol kg-1的溶解氧（DO）值（即83％-98％）。
在楚科奇海深海平原的次表层水，pH为7.85-7.98，对应于271-310 μmol kg-1的DO值（即76％
-84％）。碳酸盐体系与耗氧耦合模型分析表明，夏季楚科奇海由于海冰快速融化伴随着光
照增强，太平洋入流水携带丰富的营养盐，浮游植物大量繁殖，初级生产力达到高峰，产
生的生源颗粒物在底层水体呼吸再矿化消耗DO，释放CO2；此外，夏季融冰的层化作用阻
滞了海-气交换等因素也促使了楚科奇海陆架底层水和深海平原海盆上盐跃层水体低溶解
氧和有利于酸化环境的形成。海盆区低pH是冬季太平洋水输送到海盆的过程中陆架底层有
机物再矿化释放CO2进一步降低pH。 
总之，本论文通过对过去20年来5个北冰洋航次数据进行的精细分析，采用化学示踪和
模型模拟，发现全球气候变化引起了北冰洋环流模式异常、北冰洋海冰覆盖面积快速后退
驱动着太平洋冬季水（携带“酸化”的海水）的大范围入侵，导致了北冰洋酸化水体快速
扩张，并以每年1.5%截面积的速率增长，预估到本世纪中叶整个西北冰洋上层海洋将被酸
化水所覆盖！ 
关键词：文石饱和度；pH；海洋酸化；pCO2；海冰融化；气候变化；西北冰洋 
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Abstract 
The uptake of anthropogenic CO2 by the ocean decreases seawater pH and carbonate mineral 
aragonite saturation state (Ωarag), a process known as Ocean Acidification (OA). This would be 
detrimental to marine organisms and ecosystems. Over the past two decades, global warming and 
climate change have caused rapid changes in the Arctic, especially in the western Arctic Ocean. 
These changes include rapid seaice retreat and increases in sea surface temperatures, Pacific 
water inflow, freshwater storage, primary production, and surface CO2 concentrations. Projected 
climate change processes are thought to amplify OA in the Arctic Ocean, making it more 
vulnerable to rapid chemical changes than any other ocean basin. The studies that report 
proposedmechanisms are based on limited data collected fromonly the slope and southern basins, 
two cruises, or the sea surface. The current status and historical changes of OA are unknown. On 
the basis of field data of DIC, TAlk and pH, this dissertation use Ωarag and pH derived from 
various cruises to identify an unprecedented rate and scale of ocean acidification in the western 
Arctic Ocean and evaluate links to environmental and climate change over the past two decades. 
This dissertation also for the first time propose a hypothesis of ―low-low-high‖ variation trend in 
sea surface water pCO2 along a decreasing ice-cover gradient across three different zones in the 
western Arctic Ocean under a rapid sea ice melting scenario in the summer. 
We frist report the upper ocean (top 300 m) seawater Ωarag from marginal seas to the basins 
as far north as 88°N from five trans-western Arctic Ocean programs during 1994-2010. The 
research indicates that, between the 1990‘s and 2010, acidified waters expanded northward at 
least 5°,  to 85°N, and from the Chukchi slope off the coast of northwestern Alaska to just 
below the North Pole. Also, the depth of acidified waters was found to have increased, from 
approximately from 100 to 250 meters depth. The Arctic Ocean is the first open ocean where we 
see such a large-scale increase in acidification, more than two times faster than observed in the 
Pacific or Atlantic oceans. Tracer data and model simulations suggest that increased Pacific 
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Winter Water (PWW), driven by retreating sea ice and anomalous circulation patterns in the 
summer season, is primarily responsible for this OA expansion 
We also present seawater pCO2, Ωarag and pH underway data from the 2008 Chinese Arctic 
Research Expedition (CHINARE2008) cruise along a transect in the Western Arctic Ocean from 
the Chukchi Sea towards 88°N in the northern Basin. We observed variability of pCO2 in surface 
water under different sea ice melting scenario. A hypothesis is raised about the variability of 
pCO2 in surface water under rapid sea ice melting scenario in the Arctic Ocean: ―low‖ pCO2 in 
the heavily ice-covered zone, ―low‖ pCO2 in the partially ice-covered zone, and ―high‖ pCO2  in 
the ice-free zone. This ―low-low-high‖ pCO2 variation trend could be attributed to different 
driving forces.we primary attributed the low pCO2 values in the northern heavily ice-covered 
Basin is affected by several processes, including mixing of various source waters, 
micro-biological CO2 fixation, ice-water gas exchange, temperature change, and the main reason 
need further investigation. The low pCO2 observed in the partially ice-covered northern Canada 
Basin primary due to biological CO2 fixation and CaCO3 dissolution consume CO2. Finally, the 
observed high pCO2 values, Ωarag<1and low pH in the ice-free southern Canada Basin due to 
CO2 invasion from the atmosphere, sea surface water warming and sea-ice melting. 
Finally, to better understand the extent of ocean acidification in the Arctic Ocean, we 
present pH measurements from the 2010 Chinese Arctic Research Expedition cruise along a 
shelf-slope-basin transect from the Chukchi Sea shelf to the Chukchi Abyssal Plain (CAP) in the 
western Arctic Ocean. We observed considerably low pH values in the Chukchi Sea shelf bottom 
waters (30 m - bottom) and CAP subsurface waters (100-200 m). In the Chukchi Sea shelf 
bottom waters, the pH values were 7.89–8.12, corresponding to DO values of 273–343 μmol kg-1 
(i.e., 83%-98%). In the CAP subsurface waters, the pH values were 7.85–7.98, corresponding to 
DO values of 271–310 μmol kg-1 (i.e., 76%-84%). Biogeochemical model simulations suggest 
that respiration/remineralization-derived CO2 induces very low pH values in the bottom water of 
the Chukchi Sea (shelf) and in the upper halocline layer (UHL) waters of the CAP (basin). The 
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UHL waters receive CO2 from respired organic matter as water flushing over the shelf bottom. 
In summary, via the data collected by five trans-Arctic cruises over the last two decades and 
model simulations suggest that increased PWW, driven by rapid sea-ice retreat and an anomalous 
circulation pattern , is primarily responsible for the large scale "acidified" waters expansion, at a 
rate of 1.5% per year, If the trend continues we suggest that within the middle of this century it is 
likely the entire upper water of the western Arctic Ocean may become undersaturated with 
respect to the aragonite. 
 
Keywords:  aragonite saturation state; pH; Ocean Acidification; pCO2; sea-ice 
retreat; climate change; western Arctic Ocean 
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